Introduction
The patterns of developmental hemoglobin switches in ruminants provide an interesting model for studying several aspects of hemoglobin gene regulation and evolution. Goats (Capra hircus) express one or more embryonic (a) globin genes early in development and then switch to fetal globin, PF, synthesis during fetal life. The resulting hemoglobin is designated HbF, a2 PT. At birth, goats switch to a juvenile P-globin, PC, which is expressed for 4-6 mo, until it is replaced by the adult P-globin, PA (Huisman 1974) . The juvenile and adult hemoglobins are HbC, a2 pf and HbA, a2 p$, respectively. The juvenile-to-adult switch is reversed during anemic stress (Huisman 1974) .
The goat P-globin locus consists of 12 genes in the following arrangement: 5'&'-E**-~~~-~~-~"'-E'~-~~~-~~-E~-E~'-~~~-~~~' (Townes et al. 1984) . This arrangement represents the triplication of an ancestral four-gene set, E-E-I@-P (Townes et al. 1984) . The goat fetal gene has been designated pF rather than y to reflect its closer evolutionary relationship to the P-globin gene rather than to the y-globin gene of the ancestral mammalian P-globin locus (Schon et al. 198 1, Townes et al. 1984) . Whereas the goat has three four-gene clusters, the cow (Bos taurus) lacks the juvenile cluster and has a duplicated four-gene set. A recent duplication of a pseudogene has left the cow with the locus arrangement ~'E~-E~-I~~-~-E~-E~-$-I~~-~~' (Schimenti and Duncan 1985) .
Sheep (Ovis aries) have two common alleles at the adult P-globin locus, PA and B-Haplotype Sheep P-Globin Locus 135 p". The PA gene is linked to a PC gene, and these sheep have a developmental P-globin switch pattern much like that of the goat (Huisman 1974) . B-haplotype sheep, however, lack the PC gene (Benz et al. 1976) , and the expression of the p" gene is unaffected by anemia (van Vliet and Huisman 1964) . To determine the nature of the P-globin locus in the B-haplotype sheep, we have isolated genomic clones spanning this locus. Like the cow, B sheep have a P-globin locus consisting of a duplicated four-gene set, ~'E'-E**-~~~-~~-E"~-E~"-~~~~-~~~'.
Material and Methods
Probes Used for Southern Blots and Library Screening Four probes, each specific for a different member of the ruminant basic fourgene set were isolated from cloned genomic goat DNA. These were a 450-bp HaeIIIEcoRI fragment from the second intervening sequence of the goat a"-globin gene (GE"), which fragment hybridizes to the goat E'-, a"'-, and a"-globin genes; a 1.2-kbp EcoRI-BamHI fragment containing 5'-flanking DNA and the first two exons of the goat a'"-globin gene (GE'"), which fragment hybridizes to the goat &II-, &I"-, and a"'-globin genes; a 450-bp HaeIII fragment spanning bases -465 to -15 5' to the goat vPz-globin-gene cap site (Gwp'), which fragment hybridizes to the VP genes; and a 1.2-kb HindIII-BamHI fragment containing 5'-flanking DNA and the first two exons of the goat PF-globin gene (GpF), which fragment hybridizes to the PC-, PA-, and PF(r)-globin genes.
Genomic Southern Blots
Genomic DNA from goat and from A and B sheep was digested with restriction enzymes and electrophoresed on 0.8% agarose gels. DNA was transferred to Zetabind membranes (AMF Cuno, Meriden, Conn.) according to methods obtained from AMF Cuno. The filters were hybridized, washed, and exposed to film as described elsewhere (Liberator and Lingrel 1984) .
Construction of a Sheep Genomic Library
Genomic DNA was obtained from white blood cells of a homozygous B-haplotype sheep. The heparinized blood was centrifuged at 2,000 rpm for 10 min to pellet the cells. Plasma was removed without disturbing the buffy coat. Red cells were lysed by suspending them in a 2 X pellet vol of 10 mM ammonium bicarbonate, 144 mM ammonium chloride. Lysis was performed on ice for 10 min. The centrifugation and lysis steps were repeated until the pellet was free of red cells.
The white cell pellet was resuspended in a minimal volume of 0.9% NaCl, then in a lysis solution of 50 mM tris (hydroxymethyl) aminomethane-HCl pH 7.5, 100 mM NaCl, 1 mM ethylenediaminetetraacetate, and 0.5% sodium dodecyl sulfate, using a volume of 5 ml lysis buffer/20 ml whole blood. DNA was purified by using methods described elsewhere (Liberator and Lingrel 1984) .
High-molecular-weight genomic DNA was used to construct a genomic library. The DNA was partially digested with Sau3A1, size fractionated, and ligated to BamHIdigested EMBL4 phage arms prepared as described elsewhere (Maniatis et al. 1982, pp 256-291) .
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Characterization of Clones
DNA from 30 positive phage clones was digested with EcoRI, BarnHI, HindIII, and combinations of these enzymes. Comparisons of these digests allowed the clones to be placed in order on the basis of shared fragments. Digested-DNA gels were Southern blotted and probed with the four goat globin probes to determine the linkage map. Fragments of interest for confirmation of the restriction map or for sequence analysis were subcloned into pUC 18 or M 13 derivatives.
A portion of a fragment believed to contain the p" gene was sequenced by the dideoxy method (Sanger et al. 1977) to confirm its identity.
Results
Thirty overlapping clones of B-haplotype sheep genomic DNA spanning -100 kb were isolated ( fig. 1 ). Southern blots of restriction digests of these clones were hybridized with four goat globin DNA probes to locate the genes within the locus. The results obtained with EcoRI-digested cloned DNA are shown in figure 2. The GE" hybridizes with two regions in the B-sheep locus, one at -10 kb from the 5' end of the cloned region and one at -52 kb from the 5' end ( fig. 2A, clones 19,8,20 , and 24). The GE'" probe also hybridizes to two regions in the B-sheep locus, one at -20 and the other at -60 kb from the 5' end of the locus ( fig. 2B, clones 8,9 ,24, and 17). As in the goat, a GE'"-hybridizing region is located 3' to each G&"-hybridizing region. The GvPZ probe hybridizes weakly to a region at -25 kb from the 5' end of the locus and, more strongly, to a region at -70 kb from the 5' end of the locus ( fig. 2C , clones 8, 9, 17, and 22). The GPF probe hybridizes to regions downstream from both VPglobin genes, at -38 and -83 kb from the 5' end of the locus ( fig. 2D, clones 9 , 16, 22, and 11). As in the cow and goat P-globin loci, the B-sheep genes are arranged as a duplicated four-gene set, ~'(E-E-~P-P)~~'.
To distinguish the p" gene from the p" gene, a portion of the 2.6-kb EcoRI fragment from clone 25 was sequenced ( fig. 3) . This sequence agrees with the known amino acid sequence of the sheep p" protein from amino acids l-29 (Boyer et al. of these animals are similar. However, while the A-sheep P-globin locus has been partially cloned (Kretschmer et al. 1980 (Kretschmer et al. , 1981 , the linkage map has not been determined.
Genomic Southern blot hybridization confirms that A sheep have 12 genes, three genes hybridizing to each of the four goat probes (fig. 4) . The pattern of hybridization with the VP-globin gene probe is identical in A sheep and goats ( fig. 4) . Thus, while rearrangements in the A-sheep locus cannot be ruled out, it is probable that the Asheep and goat P-globin loci have the same basic structure, a triplicated four-gene set. B sheep differ from both A sheep and goats in lacking not only the PC-globin gene (Benz et al. 1976 ) but also three other genes.
Discussion
Cows, goats, and sheep share a common ancestor that had a P-globin locus consisting of a duplicated four-gene set (Cleat-y et al. 198 1; Schimenti and Duncan 1985) . Cows diverged from goats and sheep -18-20 Myr ago, and their P-globin locus resembles that of the ancestral ruminant, with the addition of a duplicated pseudogene (Schimenti and Duncan 1985) . An additional block duplication occurred in a common ancestor of sheep and goats, resulting in a 12-gene P-globin locus (Cleary et al. 198 1) . Genomic blot analysis indicates that sheep with the PA allele probably retain this locus arrangement.
However, sheep with the p" allele have an eight-gene locus. Two models can be proposed for the evolutionary history of the B-sheep locus. The common ancestors of sheep and goats may have been polymorphic, with duplicated and triplicated four-gene sets. Present-day sheep may have retained both alleles, while the eight-gene haplotype was lost in the goat lineage. Alternatively, the ancestors of goats and sheep may have had 12 genes, with some sheep later losing four of these genes. Amino acid sequence comparisons indicate that the PA-and PB-globin genes have diverged more recently than the PA-and PC-globin genes (Goodman 198 1) . This supports the deletion model; if the p" gene were descended directly from the original eight-gene haplotype, it might be expected to be equally similar to the PA and PC genes. The sequence from the sheep genes could help distinguish between these two models.
